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CROSS-REFERENCE TO RELATED APPLICATIONS 

£ This application claims Convention priority and priority under 35 
U.S.C. § 119(e) to U.S. Patent Application No. 60/316,111 (filed 29 
August 2001) entitled "Stabilized Conductive Polymer/Bioindicator 
Sol-gel Sensors with Variable Response Behavior, " the contents of 
which are hereby expressly incorporated herein in their entirety by 
10 this reference. 

This application claims Convention priority and is a U.S. 
continuation-in-part of PCT International Patent Application No. 
PCT/US01/28717 (filed 10 September 2001) entitled "Sensor for 
15 Chemical and Biological Materials, " the contents of which are hereby 
expressly incorporated herein in their entirety by this reference. 

This application also is a U.S. continuation-in-part of U.S. Patent 
Application No. 09/679,428 (filed 3 October 2000) entitled "Sensor 
20 for Chemical and Biological Materials," the contents of which are 
hereby expressly incorporated herein in their entirety by this 
reference . 



I. BACKGROUND OF THE INVENTION 

25 

1. Field of the Invention. 

This invention relates to the field of biological indicators and 
sensors for detecting certain harmful chemical and/or biological 
agents. More particularly, it pertains t.o. the use of a chemical 
30 and/or morphological change* in. the . material of the sensor when a 

target pathogen or vapor interacts with the sensor. The sensor is 
inexpensive, sensitive, selective, robust, and covertly deployable . 
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•PCT International Publication No. WO 02/29378 A2 (published on 
11 April 2002) is entitled "Sensor for Chemical and Biological 
Materials," the contents of which are hereby expressly 
incorporated herein in their entirety by this reference. 

2. Description of the Related Art. 

The need for detection of chemical and/or biological agents in 
a variety of applications is acute. In attempts to satisfy 
this need, the development of biosensors has been a 
particularly active field in recent years, resulting in 
numerous concepts and devices. A substantial amount of prior 
art has been generated by . various researchers working in this 
field and a number of methods have been developed which allow 
such detection. The most important results of such prior art 
are discussed below. However, none of the methods described 
in the prior art is quite acceptable, as subsequently 
discussed. See, for instance: 

(1) B.C. Dave, B. Dunn, J.S. Valentine, and J.I. Zink, Anal. 
Chem. 1994, 1120A-1127A. 

The approaches developed in the prior art typically use 
encapsulation of enzymes, antigens and/or antibodies in sol- 
gel matrices as a means of stabilizing their biochemical 
activity and providing a means to react with smaller molecules 
that diffuse through the pores of the gel. 

Such techniques have' typically been applied to immunoassay 
techniques, but characteristically involve* aqueous based 
chemistry with electrochemical and/or optical methods of 
detection. These techniques are usually not real-time. 
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Other approaches to airborne sensing of biomaterials are also 
available, including mass spectrometry and infrared 
spectroscopy, but these methods are complex, costly and not 
5 readily amenable to covert or continuous, unattended 
monitoring . 

The concept of immobilizing indicator biomolecules onto 
conductive polymer substrates, i.e., by encapsulation, as well 
10 as the development of chemical and biological sensor devices 

that are based on electroconductive polymers in general, is an 
area that has attracted considerable recent attention. See, 
for instance: 

15 (2) A. Guiseppi-Elie, U.S. Patent No. 5,766,934; 

(3) M. Umana and J. Waller, Anal. Chew. 1986, 58, 2979-2983; 

(4) N.C. Foulds and C.R.J. Lowe, Chem. Soc. , Faraday Trans. 1, 
1986, 82, 1259-1264; 

(5) C. Iwakura, Y. Kajiya and H. Yoneyama, J. Chem. Soc, 
20 Chem. Commun. 1988, 15, 1019; 

(6) T. Matsue, et. al. c7. Electroanal. Chem. Inter facial 
Blectrochem. , 1991, 300, 111-117; 

<7) M. Malmors, U.S.. Patents Nos 4, 334 , 880 aqd .4 , 444, 892 ; 
('8)' M.K. Malmors, J. Gulbinski> : III,, and W.B. Gibbs, -Jr. 
25 Biosensors, 1987/88, 3, 71. 

However, all of the electroactive biosensors described in the 
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^bove-mentioned publications are designed to operate in 
aqueous environments, not in air. The present invention, as 
subsequently discussed, not only allows for the detection of 
the chemical and/or biological agents in aqueous environments, 
5 but it also has the further advantage of detecting these 
agents in gaseous environments, such as air, as well. 

The present invention applies the concept of using indicator 
biological materials (hereinafter, biomaterials or 
10 bi onto 1 ecu les) for such detection as these biomaterials are 
first ensconced on electroconductive polymer carriers. 

In general, these devices are formed from thin films of 
electroconductive polymer fabricated on a pattern of 
15 microsensor electrodes, which are, in turn, formed on an 
insulating substrate. Sensor devices that exploit the 
transducer-active responses of electroactive polymers may be 
conduct ometric, as discussed, for example, in: 

-20 (9) A.J. Lawrence and G.R. Moores, Eur. J. Biochem. 1972, 24, 
538-546; 

(10) D.C. Cullen, R.S. Sethi and C.R. Lowe, Anal. Chi/n. .Acta 
1990, 231, 33-40. 

25 A number of ways to cause the transducer-active conductometric 
response has been described. The prior art teaches the use of 



4 



WO 03/081223 PCT/US02/27676 

the large change in electrical impedance for that purpose. 
See, for example: 



(11) A. Guiseppi-Elie and A.M. Wilson, Proceedings 64 th 
5 Colloid, and Surf Sci . Symp., Jun . 18-20, 1990, Lehigh 

University, Lehigh, PA; 

(12) T. Matsue, et . al . , J. Chem. Soc . , Chew. Commun . 1991, 
1029-1031; 

(13) M. Nishizawa, T. Matsue and I. Uchida, Anal . Chem. 1992, 
10 64, 2642, 2644;, 

(14) D.T. Hoa, et. al., Anal. Chem. 1992, 64, 2645-2646; 

(15) Guiseppi-Elie, A. U.S. Pat. No. 5,312,762; 

A conductometric response that accompanies oxidation and/or 
15 reduction of the polymer, the amperometric response, has also 
been described. See, for example: 

(16) L. Gorton, et . al . , Anal. Chim. Acta 1991, 249, 43-54. 

20 The use of redox mediation and/or electrocatalysis to cause 
the transducer-active conductometric response has been also 
described. See, for example: 

(17) M. Gholamian, et. alJ, Langmuir, 1987, 3*, 74i; 
25 (18) Y. Kajiya, et. al., Anal. Chem. 1991, 63, 49; 

(19) Z. Sun and H. Tachikawa, Anal. Chem. 1992, 64, 1112-1117. 
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"in particular, the potentiometric method, when the electrode 
potential change that accompanies changes in polymer redox 
composition is measured, was used. See, for example: 

(20) S. Dong, Z. Sun, and Z. Lu, J. Chem. Soc . , Chem. Commvn. 
1988, 993; 

(21) S. Dong, Z. Sun, and Z. Lu, Analyst, 1988, 113, 1525; 

(22) Z. Lu, Z. Sun and S. Dong, Electroanalysis, 1989, 1, 271; 

(23) A.E. Karagozler, et. al., Anal. Chlm. Acta, 1991, 248, 
163-172; 

(24) Y.L. Ma, et . al., Anal. Chlm. Acta 1994 254 163-172. 

As will be shown below, the detection of the chemical and/or 
biological agents in accordance with one aspect of the present 
invention measures transducer-active conductometric response 
as a result of a morphological as well as chemical change in a 
polymer film. 

A morphological change results when the target chemical or 
biological agent is absorbed into and retained within the gel 
as a result of its interaction with the bioindicator . The gel 
must' swell (being • somewhat flexible due to its hydrated state) 
to accommodate this absorbed material, causing the embedded 
conductive polymer molecules to separate relative to each 
other, causing a decrease in overall conductivity. 
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« • 

None of the prior art mentioned above teaches or discloses the 
measurement of the conductometric response as a result of a 
morphological change . 

5 

Furthermore, conductive polymer based sensors have been 
developed for detecting volatile organic compounds in air, 
along with chemical weapon simulants. See, for example: 

10 (25) F.G. Yamagishi, et al . , Proc. of the SPE Annual Technical 
Conference and Exhibits, ANTEC 98, XLIV, 1335 (1998). 

Other sensor technologies include surface acoustic wave 
devices (which require complex frequency counting 
electronics) , mass spectroscopy, infrared spectroscopy, and 

15 gas chromatography, or some combination or combinations of 

these methods. These techniques are currently being developed 
but are primarily directed toward laboratory analysis rather 
than field application. All of the existing methods of 
analysis and detection of biological pathogens and chemical 

20 agents have serious disadvantages of having large size, long 
analysis times, complicated electronics support, lack of 
specificity and/or high cost. 

In view of the- foregoing, there is a need for a -simple, 
25 inexpensive and accurate sensor for detection of biological 
pathogens and chemical agents. A sensor is needed which is 
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also low power, compact, rugged, highly selective, and 
adaptable to field application for detection of vapor phase 
pathogens in real time without the need for involving "wet" 
chemistry. There is no known prior art which teaches a sensor 
satisfying all these requirements. 

A principle that biological materials can be detected by 
detecting changes in indicator materials due to their 
interaction through highly specific processes is frequently 
exploited as a means of determining their presence in various 
media, under airborne or aqueous scenarios. This invention 
utilizes this principle and provides for a rugged, low-cost, 
highly sensitive and selective sensing device suitable for 
remote real-time covert field monitoring and detecting of 
relevant biomaterials. 

Previously, a biosensor was demonstrated based, on the 
conjugate glucose oxidase/glucose, where the enzyme was 
encapsulated in a sol-gel matrix, which was in turn coupled 
with a conductive polymer. This biosensor is described in 
U.S. Patent Application No. 09/679,428, filed on October 10, 
2000, now pending. In principle, the approach described in 
U.S. Patent Application No. p9/679,428 is applicable to 
numerous types of bioindicator molecules. 

This approach provides for high specificity as well as 
enhanced stability of the enzyme, since it is physically 

8 
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confined (preventing denaturing) and the aqueous environment 
and pH necessary for vitality are also included in the pore. 
The present invention will enhance and enable this concept to 
meet specific sensing applications. 

Such enhancement and fine tuning of the invention described in 
U.S. Patent Application No. 09/679,428 is necessary because it 
was observed that such encapsulated bioindicators are very 
sensitive to the chemical and physical properties of certain 
co-encapsulated conductive polymers such as, for instance, 
polyaniline sulfonic acid. The technique of this invention 
provides a means by which this problem may be minimized or 
avoided . 

In particular, the sensor described in U.S. Patent Application 
No. 09/679,428, now pending, turned out to be insufficient 
when the encapsulated bioindicator is a very important enzyme 
acetylcholinesterase {AChE) , described subsequently in detail. 
AChE is a relatively labile (unstable) enzyme and is prone to 
easy denaturation when in contact with a conductive polymer 
such as polyaniline sulfonic acid. The present invention 
provides a means to overcome this problem and demonstrates the 
preparation of stable formulations of a conductive polymer and 
AChE. 

The present invention provides a sensor by combining 
conductive polymer transducers and encapsulated sol-gel 

9 
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1 techniques and makes this approach usable even for highly 
labile enzymes. The combination of these approaches is not 
found in any other sensor device for the detection of 
biological or chemical materials. 

II . SUMMARY OF THE INVENTION 

In the present invention, a bioindicator material is ensconced 
within an inorganic sol-gel glass film incorporating a 
conductive polymer. The conductivity of the polymer is 
maintained after the bioindicator has been embedded, while the 
stability of the bioindicator is preserved intact. Typically, 
a bioindicator is encapsulated in a sol-gel film to provide 
the proper pH and nutrients necessary for viability of the 
bioindicator . 

As mentioned above, the enzyme AChE is crucial in selective 
biological processes and therefore serves as an important 
bioindicator material. However, prior attempts at preparing., 
active gels of AChE using the encapsulation procedures 
developed before (i.e., encapsulating the enzyme directly in a 
sol-gel matrix coupled with a conductive polymer) proved 
unsuccessful because of the high lability of AChE and its 
consequent tendency ' to readily denature In the presence of 
conductive polymers. The present invention overcomes this 
problem . 
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As a result, stable formulations of a conductive polymer and 
AChE have been prepared and used to demonstrate transduction 
between this encapsulated enzyme and the conductive polymer 
5 using airborne cholinesterase inhibitors. To achieve such 
result, a bioindicator is sandwiched between two sol-gel 
layers, in one of which a conductive polymer is first 
incorporated. In this manner, the bioindicator is protected 
from denaturation by the conductive polymer. 

10 

A similar approach is used in a sensor reported by Pandy et. 
al-, -Acetyl thiocholine/acetylcholine and thiocholine/choline 
electrochemical biosensors/sensors based on an organically 
modified sol-gel glass enzyme reactor and graphite paste 
15 electrode, u Sensors and Actuators B, 62 (2000) 109-116. In 
this report, mixtures of 3-aminopropyl triethoxysilane (3- 
APTES) and 2- (3,4 epoxycyclohexyl ) ethyl trimethoxysilane 
(EETMS) proved to be successful in providing active and well- 
adhered films containing an AChE immobilized enzyme they 
20 report is relatively stable. 

The top and bottom sol-gel layers in Pandy were designed to be 
permeable to acetyl-choline/acetylthidcholine, and the rate of 
hydrolysis of these materials wds used by Pandy to determine 
25 AChE activity in an aqueous environment . 



However, the Pandy approach has a major drawback in that it is 
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'not well suited for the rapid determination of AChE inhibitors 
in air. 



In the present invention, a conductive polymer is incorporated 
into the bottom layer of the sandwich and is used to directly 
monitor the activity of the bioindicator applied to the 
surface of this layer. This invention, in contrast to Pandy ' s 
method, allows for the direct determination of airborne 
cholinesterase inhibitors . 

A top layer sol-gel film is also used, which is specifically 
formulated to provide the porosity necessary for permeation of 
analytes. Despite its porous nature, the top layer sol-gel 
film protects the bioindicator from denaturation by effect of 
the environmental factors. In this manner a stable and active 
immobilized bioindicator composite film is formed, which is 
useful as a transducer for sensing airborne pathogenic 
materials . 

This top layer may be applied as a cover layer over the 
bioindicator, or alternately this top layer may be formulated 
to contain the bioindicator, suitably incorporated therein. 
Similarly, the porosity of the top layer sol-gel allows 
permeation of the target analyte(s)., while providing a . secure 
environment for the bioindicator. 

Furthermore, in this invention the sol-gel film may be 

12 
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formulated to control the state of doping of the conductive 
polymer. By using sol-gel precursors which selectively dope 
or de-dope the conductive polymer, the electronic makeup of 
the polymer may be adjusted, thereby altering its response 
mechanism. Consequently, composite transducer films may be 
formed using different sol-gel formulations incorporating the 
same bioindicator and conductive polymer, but whose responses 
to a given analyte are very different. 

Ih addition, it is important to note that sensors based on 
interactions specific for a biomaterial are desirable because 
of their high selectivity for detection. However, it is known 
to those skilled in the art that such bioindica tors are 
frequently more susceptible to denaturation as they become 
more specific in their interactions and more relevant to 
higher-order mammalian processes. Furthermore, each different 
analyte requires a new bioindicator and preparing useful and 
active films often becomes an expensive time and labor 
consuming undertaking. The ability to use less specific 
biomaterials provides an attractive alternative to this 
approach due to their higher degree of stability and for 
economic reasons. 

This invention 'provides such methods allowing for variation in 
the response behavior of the transducers. For example, AChE 
interacts with a select class of materials (i.e. 
cholinesterase inhibitors) which include several important 
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analytes. Once an approach for stabilizing sol-gel films of 
AChE has been developed, it would be useful to use this same 
bioindicator to speciate between several chol inesterase 
inhibi tors . 

Dy generating varied responses from the same bioindicator, 
different formulations will give rise to different response 
signals, providing the means to discriminate between similar 
analytes and to reject interferences resulting in fewer false 
alarms. Such a variable response behavior makes possible the 
use of arrays and the application of pattern recognition 
techniques for speciation. 

While, as mentioned above, the typical approach to using 
bioindicators for detection of biomaterials is based on the 
high specificity of the interaction between target and 
substrate, this invention provides a means of generating a 
specific response from a small number of specific 
bioindicators. 

Instead of trying to solve the often insurmountable task of 
developing stable formulations for new and increasingly labile 
bioindicators for each., target analyte, this invention first 
provides for preparation of- stable films of a class-specific 
bioindicator, followed by speciation amongst members of this 
class by making small changes in the film formulation. 
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In accordance with one aspect of this invention, a sensor for 
detecting pathogens in the air is provided, the sensor 
comprising a dielectric substrate, interdigi tated electrodes 
attached to the substrate, a conductive polymer-containing 
film applied over the interdigi tated electrodes, an indicator 
biomolecule incorporated within the film, and an instrument to 
measure an electric current flowing through the conductive 
polymer. 

In accordance with another aspect of this invention, a method 
for detecting pathogens in the air is provided, the method 
comprising steps of disposing a plurality of interdigitated 
electrodes on a dielectric substrate, applying a conductive 
polymer-containing film over the interdigitated electrodes, 
incorporating an indicator biomolecule into the film by 
imbedding the indicator biomolecule within the film or 
attaching the indicator biomolecule to the film, exposing the 
film to the environment containing the pathogens, applying an 
electric voltage to the interdigitated electrodes, and 
measuring a change in an electric current flowing through the 
conductive polymer, the change being caused by interaction of 
the pathogens with the film. 

According to yet another aspect of this invention, the 
indicator biomolecules proposed to be used comprise enzymes, 
and in particular, organophosphate hydrolase, cholines terase , 
acetylcholinesterase, catalase, ct-amylase . and or superoxide 
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dinmtase. The pathogens to be detected comprise enzyme 
substances and inhibitors of enzymes, in particular, 
acetylcholine, organophosphorous compounds, thiophosphorous 
compounds, hydrogen peroxide, and organic peroxides. 

III. BRIEF DESCRIPTION OF THE DRAWINGS 

The features and advantages of the present invention will 
become better understood with regard to the following 
description , appended claims, and accompanying drawings. 

FIG. 1 is schematic diagram showing an elevation view (a) of 
the sensor and a top view of the architecture of the sensor 
(b) . 

FIG. 2 is a schematic diagram showing parts of the sensor. 

FIG. 3 is a schematic diagram showing a plan view of the 
electrodes when viewed along the 2-2 line of FIG. 2 

FIG. 4a is a schematic diagram showing the internal structure 
of a portion of a preferred embodiment of the sensor in more 
detail. 

FIG. 4b is a schematic diagram showing the internal structure 
of a portion of an alternative embodiment of the sensor in 
more detail. 

16 
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FIGS. 5 and 6 are graphs showing typical responses of the 
sensor. 

IV. DETAILED DESCRIPTION OF THE INVENTION 

The sensor which is the subject matter of the present 
invention preferably comprises a conductive polymer transducer 
and indicator biomolecules encapsulated in a sol-gel-derived 
material . 

1. The Sensor in General 

FIG. 1 schematically illustrates two views of the sensor of 
this invention. FIG. 1(a) shoves schematically the structure 
of an embodiment of the sensor 100. Generally, one sensor 
element is present on a dielectric substrate 1, but more than 
one sensor can be present in a particular assembly. For 
example, FIG. 1(b) shows a dielectric substrate 1, which can 
be commercially available (for instance, from ABTECH 
Scientific of Richmond, Virginia) and which contains two 
sensor elements 100a and 100b combined in one assembly to be 
subsequently discussed. Such a two sensor element assembly 
was used for tests discussed hereinafter. .... 

Two identical sensor elements can be provided in one assembly, 
or two separate sensor elements can be utilized. In such case 
one would preferably be used for measurements while the other 
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sensor will preferably act as a reference. A sensor element 
containing only one sensor, and, therefore, only one set of 
subsequently discussed interdigi ta ted electrodes is completely 
acceptable and adequate in some embodiments. Those skilled in 
the art will determine the number of sensors used in the 
assembly, and which number should be suitable for a particular 
use. 



Metal interdigi ta ted electrodes 2 are deposited on a 
0 dielectric substrate 1. A material of which dielectric 

substrate 1 is made comprises any dielectric material, such as 
quartz, glass, ceramic, or plastic. The choice of a 
particular substrate will be made by those skilled in the art 
according to the needs of a particular application. The 
thickness of the dielectric substrate 1 ranges from preferably 
about 5 micrometers (in case a plastic is used as the 
dielectric substrate 1) to preferably about 2 millimeters (in 
case of a glass or ceramic dielectric substrate 1) . 

Interdigi tated electrodes 2, comprising first and second sets 
of digits 2a and 2b, are made of any material conducting 
electricity, but preferably are made of gold, due to gold's 
good conductivity and general inert natyre. Modulation of the 
conductivity of a . circuit . comprising digits 2a and 2b, upon 
which detection of biological and/or chemical materials 
depends, is accomplished by a modification of the morphology 
of the material in the gaps G between the digits 2a and 2b 

18 
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(see FIG. 3) . 

It is necessary for proper operation of the sensor to fill 
gaps G uniformly and to obtain a sufficiently strong 
electrical signal. The electrode configuration shown in FIGS. 
1 and 3, and described below, is adequate in order to be able 
to both achieve the uniformity of the film G and to obtain a 
sufficiently strong electrical signal. 

The shape of the electrodes 2 is preferably rectangular in 
cross section. As mentioned above, each electrode 2 comprises 
a plurality of digits 2a and 2b, the digits interleaving as 
shown on FIG. 3. The width W of each digit 2a and 2b is 
within a range of between about 5 micrometers and about 25 
micrometers, preferably about 15 micrometers. The gaps G 
between the digits 2a and 2b are within a range of between 
about 5 micrometers and about 25 micrometers, preferably about 
15 micrometers . 

The thickness T of each digit 2a and 2b is within a range of 
about 1 micrometers to about 4 micrometers, as shown on FIG. 
2. About 50 line pairs of digits 2a and 2b are preferably 
used, but the number of such line pairs, can vary with the 
application . and the dimensions of the sensor element required 
for a particular application. 

The electrode pattern described above and shown in FIGS. 1 and 

19. 
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3 is made by standard semiconductor processing techniques 
known to those skilled in the art. For example, a clean glass 
substrate 1 (FIG. 2) is coated with a thin layer of titanium 
or titanium/tungsten alloy la, preferably by sputtering. This 
layer la, the thickness of which is preferably about 100 
Angstroms, acts as an adhesion layer for the gold electrode. 
The next step is deposition of a layer of gold having a 
thickness within a range of between about 1 micrometer and 
about 4 micrometers, either by sputtering or evaporation. 

A photoresist (not shown) is applied to the bilayer thus 
formed, which photoresist is patterned to the desired 
electrode configuration using a lithographic mask (not shown) . 
Once the pattern is formed by the photoresist, the gold is 
removed from the substrate by etching away the gold and layer 
la, preferably by sputter etching, after which the resist is 
removed leaving the complete set of highly adhering 
interdigitated electrodes 2 disposed on the remainder of the 
thin layer of titanium or titanium/ tungsten alloy la. 

The electrodes 2 are coated with a thin composite film 3 
comprising a conductive polymer component to be discussed in 
detail subsequently. Previously, it was disclosed that the 
electrodes 2 are coated with "a thin composite film 3 
comprising a conductive polymer component and a sol -gel- 
derived material component (see, USSN 09/679,428, now 
pending) . 
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However, some enzymes and some other biospecific materials are 
known to be very sensitive to the chemical and physical 
properties of the co-encapsulated conductive polymers. This 
is so because some enzymes and some other bioindicators are 
highly unstable and prone to denaturation in an unprotected 
environment. 

o 

Therefore, even though encapsulation in sol-gel glasses has 
been generally shown to be an effective means of stabilizing 
such materials, by providing the proper pH, water and other 
nutrients, and preventing the enzyme from uncoiling or 
denaturing, the co-encapsulation of the key enzyme AChE with 
conductive polymers in sol-gel glass according to a method 
described in USSN 09/679,428, now pending, does not achieve 
such stabilization because AChE has an increased lability and 
enhanced propensity to denature. This invention proposes a 
new technique to be used for AChE and other similarly labile 
enzymes or other labile bioindicators. 

This invention provides a means of preparing stable, adherent, 
and active films of labile enzymes with incorporated 
conductive polymers.. 

2. A Preferred Embodiment of the Sensor. 

As shown on FIG. 4a/ the thin composite film 3 (with which the 
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electrodes 2 are " coated) , in a preferred embodiment, comprises 
two sol-gel ingredients 7 and 8, and the bioindicator material 
A incorporated in the film 3 and distributed between the 
ingredients 7 and 8. The thickness of composite film 3 is 
within a range of between about 100 micrometers and about 
1,000 micrometers, preferably within a range of between about 
100 micrometers and about 3 00 micrometers. 

A preferred bioindicator material 4 is the enzyme 
acetylcholine esterase (AChE) (Sigma Chemical Co. of St. 
Louis, Missouri), to be discussed below in greater detail. It 
is incorporated in a buffer solution so as to achieve a 
slightly basic environment having a pH of about 8. The buffer 
is a commonly used buffer solution, the choice of which is 
known to those skilled in the art. 

A number of alternative bioindicators can be used as well, 
including other enzymes, for example, glucose oxidase, cc- 
amylase, catalase, superoxidase dimutase, L-asparaginase, 
glutamate dehydrogenase, and organophosphate hydrolase. Other 
classes of alternative bioindicators can be used, including 
antibodies, for example, escherichia coli serotype 157:H7 IgG, 
goat anti-human IgG(y) , goat anti-t>acilli*s anthracxs antisera* 
anti-TNT.IgG ancl deoxy hemoglobin ; and antibiotics, for 
example, penicillin G or methicillin (naficillin or 
oxacillin) . This list of the alternative bioindicators is not 
exhaustive, and those skilled in the art will choose other 
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bioindicators having similar properties. 

The sensor of this invention is as well suited for any of 
these bioindicators as for AChE of the preferred embodiment. 
5 Each of these alternative bioindicators is sensitive to 
particular classes of pathogens, which pathogens are 
inhibitors of, or in other ways interact with, corresponding 
enzymes, antibodies or antibiotics. The pathogens inhibiting, 
or in other ways interacting with, particular classes of 
10 bioindicators are known to those skilled in the art. 

The ingredient 7 preferably comprises a blend of preferably 2- 
(3,4 -epoxycy c lohexy 1 ) e t hy 1 1 r ime thoxy s i lane ( EETMS ) ( Un i t ed 
Chemical Technologies, Inc. of Bristol, Pennsylvania), and 
15 having the formula (1) 

o 




with preferably. 3 raminopropyltriethoxysilane (3-APTES) (Sigma 
Chemical ..Co. of . St.. Louis, Missouri) , and having the formula 
20 (2): 
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NH 2 -CH 2 -CH 2 -CH 2 -Si (OC 2 H 5 ) 3 ( 2 ) , 

with preferably about 10% by weight (of the entire ingredient 
7) of preferably polyaniline sulfonic acid (PAS) (Nagase 
5 America Corporation of New York, New York) . Other suitable 

conductive polymers, for instance, polyaniline, polythiophene , 
polypyrrole, or their derivatives, can be selected according 
to criteria known to those skilled in the art. 

10 Instead of the above-mentioned, preferred silanes, other 
silanes can be used, such as trif unctional silanes, for 
instance, methyl trimethoxysi lane, octadecyltrichlorosilane, 
octadecyltriethoxysilarie, phenyltrimethoxysilane , or 1,4- 
bis (trimethoxysi lylethyl) benzene. Mono- or difunctional 

15 silanes, for example, oc t adecy ldime thy lme thoxy s i lane , 

methyldimethoxysilane, or dimethyldiethoxysi lane can also be 
used. Finally, some derivative silanes can be used as well, 
including, for example, 2- (3, 4- 
epoxycyclohexyl ) ethyltrimethoxysilane, 3- 
20 aminopropyltrimethoxysilane, 4- 

aminobutyldimethylmethoxysilane, dicyclohexyldimethoxysilane, 
N- (2-aminoethyl) -3-aminopropylmethyldimethoxysilane, 5- 
(bicycloheptenyl) triethoxysilane, 3- 

glycidylpropyltrimethoxysilane, or silanes having similar 
25 properties. 

Those skilled in the art will choose a pair of silanes to form 
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a bi-ingredient film 3 having the properties needed according 
to the design. The ratios between various silanes are 
generally about 1:10, and in the preferred embodiment the 
ratio between EETMS and 3-APTES is between about 1:1 and about 
1:10, preferably, about 1:3.5 (by weight). 

PAS is dissolved in water. The resulting solution of PAS is 
then mixed with 3-APTES and EETMS , described above, to form a 
final conductive hybrid material following the evaporation of 
the solvent and gelation. 

The polyaniline-based conductive polymer forms an 
interpenetrating type of three-dimensional network throughout 
the ingredient 7. Thus, the conductive polymer is intimately 
intertwined throughout the ingredient 7, and therefore 
available to interact with any species (i.e., reaction 
products from the interaction of bioindicator and substrate) 
which may be present, and is also capable of detecting any 
changes to the structure of the sol-gel film 3. 

It is also important that the conductive polymer incorporated 
in the ingredient 7 not provide any species which may migrate 
to the bioindicator 4 and cause its dena tura tion . The 
conductive polymer counterions aire knpwn' to be able to cause 
such denaturation . Therefore, a conductive polymer such as 
PAS should be used because the migration of the polymer 
counterions into the middle layer containing bioindicator 4 is 
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precluded since the sulfonate counterion is covalently bound 
to the polyan.il i ne backbone and subsequent denaturation of the 
enzyme is prevented. 



The ingredient 8, the use of which is optional, preferably 
comprises a blend of EEMTS and 3-APTES. The presence of the 
sub-layer 8 is optional, as discussed below. The film 3 is 
prepared by combining ingredient 7, the bioindicator , and, 
optionally, ingredient 8 in a fluid form, and allowing the 
blend to naturally solidify. 

The preferred bioindicator material 4 is chosen to be AChE 
because this is an enzyme critically important for certain 
functions in the human body, and is therefore an excellent 
indicator of certain classes of pathogenic materials, such as 
cholinesterase inhibitors. AChE, enzyme number 3.1.1.7, 
according to the EC-classification, acts on a variety of 
acetic esters and catalyzes transacetylations . 

AChE is particularly important for catalyzing the hydrolysis 
of acetylcholine (CH 3 ) 3 N + (CH 2 -CH 2 -OCO-CH 3 ) OH" (trimethyl (0- 
acetyl)- ammonium hydroxide) to choline (CH 3 ) 3 N*CH 2 -CH 2 OH~ 
(trimethyl ( P-hydroxy ethyl) ammonium) and acetate. If the 
activity of AChE is suppressed or inhibited, the above- 
mentioned reaction of • hydrolysis is either severely slowed 
down or even does not occur at all. As a result, a very rapid 
accumulation of unhydrolyzed acetylcholine takes place with 
extremely negative consequences for health and even life 
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itself, such as paralysis of the nerve centers. 



When a sensor comprising the film 3 in which AChE (the 
bioindicator 4) is ensconced, is exposed to a media containing 
5 an inhibitor of AChE , the latter is inhibited as a result of a 
chemical reaction between this inhibitor and AChE. The 
inhibitors of AChE are known to be certain derivatives of 
phosphoric, thi ophosphoric, and phosphonic acids. 

10 Such chemical reactions between AChE and an inhibitor may take 
place, when AChE comes into contact with some insecticides, 
e.g, malathion, S- ( 1 , 2-dicarbethoxyethyl ) -O, O- 
dimethyldithiophosphate, or parathion, diethyl-p- 
nitrophenylmonothiophospha te, as shown below (reactions 3 and 

15 4, respectively) . 



so s ft 

ENZ-Ser-OH «- (<X>h)2-P-S-CH-OX>Hs . ► ENZ-Ser^P-<OCH 3 )z + HS-CH-COOHs 

(AChE) H g 



(Malathion) 



2 7 
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1 



S 

ENZ-Ser-OH #- (H5C20j2-P-OC6H«-N02 



(AChE) 



(Parathion) 



GN2-5er-O-P-(0C2Hs)3 + HO-CgH4-N02 




(4) 



As can be seen from reactions (3) or (4), an esterified 
thiophosphate group attaches itself to the enzyme, via a 
5 serine bridge, sv&pressing the enzyme's ability to catalyze 
the hydrolysis of acetylcholine. 

These or similar (if other phosphates, thiophospha tes , or 
phosphonates play a role of an inhibitor) reactions will 
10 produce chemical by-products and/or a change in the volumetric 
size of the enzyme. With this arrangement, transduction of 
the interaction between bioindicator 4 and pathogenic analyte 
(such as malathion or parathion shown above or other 
phosphate, thiophosphate, or phosphonates) can result either 
J5 through permeation of the chemical by-products or through any 
changes in molar volume of the bioindicator 4 that may occur. 

Volumetric changes in film 3. with the bioindicator AChE 4 
embedded therein, similarly cause specific and characteristic 
20 distortions of the ingredient* 7 of the film 3, the ingredient 
comprising the conductive polymer component. 
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The formation of by-products is even a more significant 
phenomenon. Chemical by-products of reactions (3) or (4) or 
similar reactions will cause either redox processes within the 
conductive polymer component of ingredient 7 or result 
themselves in morphological changes in the film 3, thereby 
modulating the conductivity of the polymer component of the 
ingredient 7. Different by-products will generate different 
response behavior for a given conductive polymer, thus 
allowing sensing and detection. 

AChE needs to be in proximity to the conductive polymer 
component in order to allow the changes in AChE caused by the 
reactions described above to be detected. When AChE is 
directly encapsulated with many conductive polymers, it easily 
denatures and becomes inactive. In this invention, by 
separating the AChE bioindicator 4 from the conductive polymer 
of the ingredient 7, chemical denaturation of the AChE 
bioindicator 4 by the conductive polymer is avoided, thereby 
making the sensor of this invention viable. Thus 
incorporating the conductive polymer in the ingredient 7 of 
film 3, the AChE bioindicator 4 is protected, while it still 
interacts with the conductive polymer component. 

3. The Operation of the Censor. 

The sensor 100, as shown on FIG . 1, is equipped with a source 
of voltage 5 and an ammeter 6, shown on FIG. 2. When a 
pathogenic analyte 12 to be detected, i.e., an 
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organophosphate, thiophosphate or phosphonate described above, 
approaches the sensor 100, it interacts with the AChE 
bioindicator 4 causing morphological changes in the thin 
composite film 3. These changes in turn modulate the 
conductivity of the conductive polymer component in the 
ingredient 7 of the thin film 3. As a result, a change in the 
electrical current in circuit 9 is registered by the ammeter 
6- 

The sensor elements 100a and 100b are monitored by applying a 
voltage and reading out the change in current. The voltage 
can be applied by a nominal power supply (e.g., external or 
designed into circuitry, or a battery) . Both alternating and 
direct current sources are acceptable. Similarly, the output 
current can be monitored by an external ammeter or one 
designed into the circuitry. Electronic designs in which the 
power supply and ammeter are integrated into circuitry are 
preferred . 

If the applied voltage is too low, the resulting output 
current is too low (resulting in increased electrical noise) ; 
and if the applied voltage is too high, the possibility of 
electrochemical degradation of the conductive polymer 
component increases.. .The amount of voltage used is within a 
range of between about 5 millivolts and about 300 millivolts, 
preferably, between about 10 millivolts and about 50 
millivolts. The sensitivity of the measurement of the current 
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is within ± 2 nanoamperes for a sensor with the size of about 
1 centimeter by 1.5 centimeter. 



The process of detection is very quick and the sensitivity of 
the sensor is very high. In fact, as little as 100 parts per 
billion (ppb) to 500 ppb of analytic pathogen, is readily 
detectable, and the response is already registered within 5 to 
30 seconds from the time of exposure of the sensor to the 
pathogen 12 . 

The formulation of the ingredient 7 of the thin film 3 may 
include a silane selected from a wide range of silanes 
compatible with different conductive polymers, not just EETMS 
and 3-APTES which are the preferred silanes. Furthermore, by 
using different silanes, the degree of electrical conductivity 
of the conductive polymer component of the ingredient 7 may be 
varied, giving rise to variations in the sensor response 
behavior. 

The choice of the particular silanes and of the conductive 
polymer component, as well as their ratios shall be made as a 
matter of design choice and the criteria for such a design ■ 
choice is known to those skilled in the art. The alternative 
silanes and conductive polymers that can be used are described 
below. 
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Examples of the results of detection using sensors prepared 
with ingredients 7 containing different siloxanes are shown in 
FIGS. 5 and 6. Test samples were prepared and examined as 
thin films 3 applied to small interdigi ta ted electrodes 
(IDEs). Response data was obtained using a static enclosed 
chamber, in which the sample transducer was placed, stabilized 
and then exposed to a saturated concentration of challenge 
vapor (about 500 ppb for malathion and about 100 ppb for 
parathion) . 

FIGS- 5 and 6 show the conductivity of the ingredient 7 as a 
function of time when the AChE bioindicator 4 is exposed to 
malathion and parathion (FIG. 5) or to parathion (FIG. 6). 
Both malathion and parathion were purchased from Aldrich 
Chemical Co. of St. Louis, Missouri. In both cases PAS was 
used as a conductive polymer component of the ingredient 7 of 
film 3, in the amount of about 10% by weight of the siloxane 
component of the ingredient 7 of film 3. 

In case of the malathion/parathion exposure demonstrated in 
FIGS. 5 and 6, the silane component of the ingredient 7 of the 
film 3 comprised a blend of EEMTS and 3-APTES taken in a 
weight ratio of .about r to. 3.5. The ingredient 8 of the film 
3 also comprised a blend of EEMTS and 3-APTES . taken in a . 
weight ratio of about 1 to 3.5. 
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In case of the parathion exposure demonstrated in FIG. 6, 



instead of EEMTS : 3 -APTES , the ingredient 7 comprised a mixture 
of tetramethoxysilane (TMOS) , Si(OCH 3 ) 4 , and of 3- 
glycidoxypropyl trimethoxysilane (GPTMS) shown in (5), 



in a weight ratio of about 1 to 1 . The former silane was 
purchased from Aldrich Chemical Co. of St. Louis, Missouri, 
and the latter from United Chemical Technologies, Inc. of 
Bristol, Pennsylvania. In this case, no siloxane ingredient 8 
was used (i.e., open-faced). 



FIG. 5 demonstrates the response of the sensor when exposed to 
malathion, in nitrogen atmosphere. Points 10 and 14' refer to 
the moments in time when a flow of nitrogen is started and 
points 11 and 16 — when it was stopped- As can be seen, after 
the exposure to malathion has been initiated (point 12) , the 
current in the circuit 9 briefly shifts upward, then generally 
decreases, until malathion is removed (point 13) . This 
indicates that the conductivity of the film 3 decreases as a 
result of either the change in the morphology of film 3 caused 
by the. chemical reaction of AChE with malathion or by the 
chemical by-products of this reaction, or by' some combination 
of both. If parathion is added instead .(point 15), the 
response on the segment 15-17 is similar to that with 
malathion, only greater. After parathion is removed (point 




(5) 
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17), the conductivity of the film approaches its original 
value and the sensor baseline is re-established. 



FIG. 6 demonstrates a response of another sensor in case of 
parathion. Here, however, after parathion is added to the 
environment around the sensor (point 18), an opposite 
phenomenon is observed for this open- face sensor. The 
conductivity of film 3 increases due to the same factors as 
mentioned above in case of malathion, and the current in the 
circuit 9 increases from about 3.5*10" 6 to about 4.5*10" 6 
Amperes . 

An overall response from parathion is somewhat stronger, which 
is attributed to the difference between the by-products 
generated in reactions (3) and (4) described above. The 
difference in baseline conductivity indicates a significant 
difference, possibly due to the degree and nature of doping of 
these two samples. 

Because the malathion and parathion by-products are different, 
they will modulate polymer conductivity through very different 
mechanisms. Consequently, a change in polymer electronic 
structure will not have an equivalent effect for these two 
pathogens. FIGS. 5 and 6 "clearly demonstrate that as. • 
anticipated, the response behavior of the conductive polymer 
component of the ingredient 7 is by-product specific and 
furthermore, may be significantly altered by modification of 
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the electronic state of the polymer. Alternatively, the 
different by-products may result in different degrees of molar 
volume changes which could account for the observed 
conductivity modulation. Regardless, the different response 
to similar analytes may then be used as the basis for building 
transducer arrays. Therefore with this invention, the 
speciation of pathogenic analytes may be accomplished based on 
discrimination of the byproducts of the enzyme- substrate 
interaction . 

An ingredient 8 of the sandwich film 3 contains no conductive 
polymer, but serves to further stabilize the bioindicator 4. 
The formulation of this layer is important in that it must be 
well adhered and crack- free and provide good porosity for 
rapid permeation of the target pathogen (s). However, because 
of the permeability of the ingredient 7, the components for 
the ingredient 8 should not change the state of doping of the 
conductive polymer incorporated in the ingredient 7. As 
mentioned above, the ingredient 8 is used in the preferred 
embodiment, but alternatively it does not have to be used and 
the sensor will remain viable even without the ingredient 8. 

If both ingredients 7 and 8 are used, they form a complex 
tridimensional interpenetrating polymeric network, and the 
AChE bioindicator is ensconced within this network. In the 
alternative case, when only the ingredient 7 is used, the AChE 
bioindicator 4 is directly embedded in the film 3, as shown on 
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FIG. 4b, the film 3 in this embodiment comprising only the 
ingredient 7. 

Therefore, the choice of the ingredient 8, if used, must be 
coordinated with the requirements of the ingredient 7. Either 
the same silane should be used in both ingredients 7 and 8 or 
the ingredient 8 comprises silanes with limited functionality 
which may not activate or deactivate the conductive polymer. 

Described herein is a sensor and method for detecting 
biological and chemical agents comprising metal interdigi tized 
electrodes coated with hybrid polymer-based conducting film 
and an instrument for applying electrical voltage to the 
electrodes and registering the change in electrical current. 
The hybrid film also comprises indicator biomolecules 
encapsulated within the film or attached to it. The 
bioindicator molecules preferably comprise enzyme 
acetylcholinesterase. When these indicator biomolecules come 
in a contact with a pathogen, chemical and/or morphological 
changes occur in the film and electrical current flowing 
through the electrodes is modulated. The pathogen comprises 
inhibitors of enzymes, preferably organophosphates , 
thiophosphates or phosphonates f The change in current 
indicates the presence of a biological and chemical agent and 
is registered. 



36 



WO 03/081223 PCT/US02/27676 

In this application (including in the description, claims, 
drawings, and abstract), the phrases "bioindicator molecule," 
"bioindicator , " "bioindica tor material," and "indicator 
biomolecule" are synonymous (i.e., equivalent to each other). 

Having described the invention in connection with several 
embodiments thereof, modification will now suggest itself to 
those skilled in the art. As such, the invention is not to be 
limited to the described embodiments except as required by the 
appended claims. 

All of the numerical and quantitative measurements set forth 
in this application (including in the examples and in the 
claims) are approximations. 

The invention illustratively disclosed or claimed herein 
suitably may be practiced in the absence of any element which 
is not specifically disclosed or claimed herein. Thus, the 
invention may comprise, consist of, or consist essentially of 
the elements disclosed or claimed herein. 

The following claims are entitled to the broadest possible 
scope consistent with this application. The claims shall not 
necessarily be limited to the preferred embodiments or to the 
embodiments shown in the examples. 
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WE CLAIM: 

1. A sensor for detecting a pathogen, said sensor 
comprising : 

a dielectric substrate; 

a plurality of interdigitated electrodes attached to said 
substrate ; 

a film applied over said plurality of interdigitated 
electrodes 

one or more bioindicator molecules incorporated within 
said film; and 

an instrument to measure an electric current flowing 
through said plurality of interdigitated electrodes. 

2. The sensor of Claim 1, wherein said dielectric substrate 
is fabricated of a material selected from the group consisting 
of quartz, glass, ceramic, and plastic. 

3. The sensor of Claim 1, wherein each of said plurality of 
interdigitated electrodes has a generally rectangular shape in 
a cross -sect ion . 

4. The sensor of Claim 1, wherein each of said plurality of 
interdigitated electrodes has a width within a range of 
between about 5 micrometers and about 25 ■ micrometer.s . 
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5. The sensor of Claim 4, wherein said width is about 15 
micrometers . 

6. The sensor of Claim 1, wherein said plurality of 
interdigitated electrodes includes at least one pair of 
electrodes defining a gap, wherein the gap is within a range 
of between about 5 micrometers and about 25 micrometers. 

7. The sensor of Claim 6, wherein said gap is about 15 
micrometers . 

8. The sensor of Claim 1, wherein said film is comprised of 
a conductive polymer and a first sol-gel derived material. 

9. The sensor of Claim 1, wherein said bioindicator molecule 
is selected from the group consisting of enzymes, antibodies, 
and antibiotics. 

10. The sensor of Claim 1, wherein said instrument to measure 
said electric current is comprised of a voltage source and an 
ammeter . 

11. The sensor of Claim 1, wherein said plurality of 
interdigitated electrodes are fabricated of gold. 
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12. The sensor of Claim 1, wherein said pathogen is selected 
from the group consisting of inhibitors of enzymes, antigens 
of antibodies, and reactants of antibiotics. 

13. The sensor of Claim 1, wherein said plurality of 
interdigi tated electrodes are attached to said substrate by an 
adhesion layer. 

14. The sensor of Claim 8, wherein said conductive polymer is 
selected from the group consisting of polyaniline, 
polythiophene, polypyrrole, and derivatives thereof. 

15. The sensor of Claim 8, wherein said indicator biomolecule 
is ensconced within said first sol-gel derived material. 

16. The sensor of Claim 8, wherein said film further 
comprises a second sol-gel derived material so that said 
bioindicator molecule is ensconced within an interpenetrating 
network, wherein said network is formed by said first sol-gel 
derived material and said second sol-gel derived material. 

17. The sensor of Claim 9, wherein said enzymes are selected 
from the group consisting of acetylcholinesterase, glucose 
oxidase, ot-amylase, L-asparaginase, glutamate dehydrogenase, 
and organophosphorous hydrolase. 
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18. The sensor of Claim 9, wherein said antibodies are 
selected from the group consisting of Escherichia coli 
serotype 157 : H7 IgG, goat anti-human IgG(y), goat anti- 
bacillus anthracis antisera, anti-TNT IgG, and 
deoxyhemoglobin . 

19. The sensor of Claim 9, wherein said antibiotics are 
selected from the group consisting of penicillin, naficillin, 
and oxacillin. 

20. The sensor of Claim 12, wherein said inhibitors are 
selected from the group consisting of organophosphates , 
organothiophosphates , organophosphonates , and mixtures 
thereof . 

21. The sensor of Claim 13, wherein said adhesion layer 
comprises a material selected from the group consisting of 
titanium and an alloy of titanium and tungsten. 

22. The sensor of Claim 16/ wherein said first and second 
sol-gel derived materials each comprise a product of gelation 
of two or more organosilicon compounds. 

23. The sensor of Claim 22, whdrein said organosilicon 
compounds are selected from the group consisting of 
monofunctional silanes, difunctional silanes, tri functional 
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silanes, tetraf unctional silanes, derivatized silanes, and 
mixtures thereof . 



24. The sensor of Claim 23, wherein said monof unctional 
silanes are selected from the group consisting of 
octadecyldimethylmethoxysilane, other rnonof unctional silanes, 
and mixtures thereof; wherein the other monof unctional silanes 
are hydrolyzable to form silanols that can dehydrate to form 
sol-gels . 

25. The sensor of Claim 23, wherein said dif unctional silanes 
are selected from the group consisting of 
methyldimethoxysilane, dimethyldiethoxysilane, other 

dif unctional silanes, and mixtures thereof; wherein the other 
difunctional silanes are hydrolyzable to form silanols that 
can dehydrate to form sol-gels. 

26. The sensor of Claim 23, wherein said trif unctional and 
tetraf unctional silanes are selected from the group consisting 
of methyl trimethoxy si lane, octadecyltrichlorosilane, 
octadecyltriethoxysilane, tetramethoxysilane, 

phenyl trimethoxysilane, 1, 4-bis ( trimethoxysilylethyl ) benzene, 
other trif unctional and tetraf unctional silanes, and mixtures 
thereof; wherein the other trif unctional and tetraf unctional 
silanes are hydrolyzable to form silanols that can dehydrate 
to form sol-gels. 
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27. The sensor of Claim 23, wherein said derivatized silanes 
are selected from the group consisting of 2- (3, 4- 
epoxycyclohexyl ) ethyl t rime thoxysi lane, 3 - 

aminopropyl trimethoxysilane, 3 -aminopropyl triethoxysilane , 3 - 
5 glycidoxypropyl trimethoxysilane, 4 - 

aminobutyldimethylmethoxysilane , N- (2-aminoethyl ) -3- 
ami nopropy 1 me t hy 1 d ime t hoxy s i 1 ane , 5 - 

(bicycloheptenyl) triethoxysilane, dicyclohexyldimethoxysilane , 
3 -glycidylpropyl trimethoxysilane, other derivatized silanes, 
10 and mixtures thereof; wherein the other derivatized silanes 

are hydrolyzable to form silanols which can dehydrate to form 
sol-gels . 

28. A method for detecting a pathogen, the method comprising 
15 the steps of: 

disposing a plurality of interdigitated electrodes on a 
dielectric substrate; 

applying a film over said plurality of interdigitated 
electrodes ; 

20 incorporating one or more bioindicator molecules into 

said film by embedding said bioindicator molecule within said 
film or attaching said bioindicator molecule to said film; 

exposing said film to an environment containing said 
pathogen; 

25 applying an electric voltage to said plurality of 

interdigitated electrodes; and* 

measuring a change in an electric current flowing through 
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said plurality of interdigi ta ted electrodes, said change being 
caused by interaction of said pathogen with said film. 



29. The method of Claim 28, wherein said dielectric sxibstrate 
5 is fabricated of a material selected from the group consisting 

of quartz, glass, ceramic, and plastic. 

30. The method of Claim 28, wherein each of said plurality of 
interdigi tated electrodes is attached to said substrate with 

10 use of an adhesion layer. 

31. The method of Claim 28, wherein each of said plurality of 
interdigitated electrodes has a generally rectangular shape in 
a cross-section. 

15 

32. The method of Claim 28, wherein each of said plurality of 
interdigitated electrodes has a width within a range of 
between about 5 micrometers and about 25 micrometers. 

20 33. The method of Claim 32, wherein said width is about 15 
micrometers . 

34. The method of Claim 28, wherein said plurality of 
interdigitated electrodes includes at least onq pair of 
25 electrodes defining a gap, wherein the gap is within a range 
of between about 5 micrometers and about 25 micrometers. 
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35. The method of Claim 34, wherein said gap is about 15 
micrometers . 

36. The method of Claim 28, wherein said film is comprised of 
a conductive polymer and a first sol-gel derived material. 

37. The method of Claim 28, wherein said bioindicator 
molecule is selected from t^he. group consisting of enzymes, 
antibodies, and antibiotics. 

38. The method of Claim 28, wherein an amount of said voltage 
is between about 5 millivolts and about 300 millivolts. 

39. The method of Claim 38, wherein said amount of said 
voltage is between about 10 millivolts and about 50 

mi llivol ts . 

40. The method of Claim 28, wherein said plurality of 
interdigitated electrodes are fabricated of an electrically 
conductive material comprising gold. 

41. The method of Claim 28, wherein said pathogens are 
selected from the group consisting of inhibitors of enzymes, 
antigens of antibodies, and reactants- of antibiotics. 

42. The method of Claim 30, wherein said adhesion layer 
comprises a material selected from the group consisting of 
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titanium and an alloy of titanium and tungsten. 



43. The method of Claim 36, wherein said film further 
comprises a second sol-gel derived material so that said 
bioindicator molecule is ensconced within an interpenetrating 
network, wherein said network is formed by said first sol-gel 
derived material and said second sol-gel derived material. 

44. The method of Claim 36, wherein said bioindicator 
molecule is ensconced within said first sol-gel derived 
material . 

45. The method of Claim 37, wherein said enzymes further 
comprise acetylcholinesterase. 

46. The method of Claim 37, wherein said enzymes are selected 
from the group consisting of glucose oxidase, Ot-amylase, L- 
asparaginase, glutamate dehydrogenase, and organophosphorous 
hydrolase . 

47. The method of Claim 37, wherein said antibodies are 
selected from the group consisting of escherichia coli 
serotype 157:H7 IgG, goat anti-human IgG(y), goat anti- 
bacillus anthracis antisera, an ti -TNT IgG, and 
deoxyhemoglobin . 

48. The method of Claim 41, wherein said antibiotics are 
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selected from the group consisting of penicillin, naficillin, 
and oxacillin. 



49. The method of Claim 41. wherein said inhibitors are 
selected from the group consisting of organophosphates, 
organothiophosphates , organophosphona tes, and mixtures 
thereof . 

50. The method of Claim 43, wherein said first and second 
sol-gel derived materials each comprise a product of gelation 
of two or more organosilicon compounds. 

51. The method of Claim 50, wherein said organosilicon 
compounds are selected from the group consisting of 

monof unctional silanes, difunctional silanes, tri functional 
silanes, tetraf unctional silanes, derivatized silanes, and 
mixtures thereof . 

52. The method of Claim 51, wherein said monof unctional 
silanes are selected from the group consisting of 
octadecyldimethylmethoxysilane, other monof unctional silanes, 
and mixtures thereof; wherein the other monof unctional silanes 
are hydrolyzable to form silanols that can dehydrate to form 
sol-gels. 

53. The method of Claim 51, wherein said difunctional silanes 
are selected from the group consisting of 
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methyldimethoxysilane, dimethyldiethoxy si lane, other 
di functional si lanes, and a mixture thereof; wherein the other 
difunctional silanes are hydrolyzable to form silanols that 
can dehydrate to form sol-gels. 

54. The method of Claim 51, wherein said tri functional and 
tetraf unctional silanes are selected from the group consisting 
of methyl trimethoxysilane, octadecyl trichlorosilane, 
octadecyl trie thoxysi lane, tetramethoxysilane, 

phenyl trimethoxysilane, 1 , 4 -bis { trimethoxysilylethyl) benzene , 
other tri functional and tetraf unctional silanes, and mixtures 
thereof; wherein the other trif unctional and tetraf unctional 
silanes are hydrolyzable to form silanols that can dehydrate 
to form sol-gels. 

55. The method of Claim 51, wherein said derivatized silanes 
are selected from the group consisting of 2- (3, 4- 
epoxycyclohexyl ) ethyl trimethoxysilane, 3- 

aminopr opy 1 tr ime t hoxy s i lane , 3 -aminopropy 1 1 r i e thoxys i 1 ane , 3 - 
glycidoxypropyl trimethoxysilane , 4 - 

aminobu tyldime thy lmethoxysi lane, N- ( 2-aminoethyl ) -3- 
aminopropy lme thy 1 dime thoxy si lane, 5- 

(bicycloheptenyl) triethoxysi lane, dicyclohexyldimethoxysilane, 
3 -glycidylpropyl trimethoxysilane, other derivatized silanes , 

N 

and mixtures thereof; wherein the other derivatized silanes 
are hydrolyzable to form silanols which can dehydrate to form 
sol-gels . 
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56. The sensor as claimed in Claim 8, wherein the conductive 
polymer comprises polyaniline, poly thiophene , and/or 
polypyrrole; wherein the polyaniline, the poly thiophene, and 
the polypyrrole are each optionally doped with one or more 
counterions; and wherein the polyaniline, the poly thiophene, 
and the polypyrrole each optionally include a ring having a 
methoxy substituent, an ethoxy substituent, a tr if luoromethyl 
substituent, and/or an amino substituent . 

The sensor as claimed in Claim 8, wherein the 
counterions are selected from the group consisting of 
chloride, bisulfate, sulfonic acid, and dodecylbenzene 
sulfonic acid. 

58. The sensor as claimed in Claim 8, wherein the film 
further comprises a second sol-gel derived material, wherein 
the first sol-gel derived material forms a first sol-gel 
layer, wherein the second sol -gel derived material forms a 
second sol-gel layer on top of and in contact with the first 
sol-gel layer, and wherein the bioindicator molecule is 
sandwiched between the first sol-gel layer and the second sol- 
gel layer. 

59. The sensor as claimed in Claim 8, wherein the film 
further comprises a second sol-gel derived material, wherein 
the first sol-gel derived material forms a first sol-gel 
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layer, wherein the second sol-gel derived material forms a 
second sol-gel layer on top of and in contact with the first 
sol-gel layer, and wherein the bioindicator molecule is 
ensconced or encapsulated within either the first sol-gel 
layer or the second-sol gel layer. 

60. The sensor as claimed in Claim 59, wherein the first 
sol-gel layer is in electrical contact with the interdigi tated 
electrodes, and wherein the polymer is incorporated into the 
first sol-gel layer. 

61- The sensor as claimed in Claim 59, wherein the second 
sol gel layer is in electrical contact with the interdigi tated 
electrodes, and wherein the polymer is incorporated into the 
second sol-gel layer. 

62. The method as claimed in Claim 36, wherein the film 
further comprises a second sol-gel derived material, wherein 
the first sol-gel derived material forms a first sol-gel 
layer, wherein the second sol-gel derived material forms a 
second sol-gel layer on top of and in contact with the first 
sol-gel layer, and wherein the bioindicator molecule is 
sandwiched between the first sol-gel layer and the second sol- 
gel layer. 

63. The method as claimed in Claim 36, wherein the film 
further comprises a second sol— gel derived material, wherein 

50 



WO 03/081223 : PCTYUS02/27676 

the first sol -gel derived material forms a first sol-gel 

layer, wherein the second sol-gel derived material forms a 

second sol -gel layer on top of and in contact with the first 

sol -gel layer, and wherein the bioindicator molecule is 

5 ensconced or encapsulated within either the first sol -gel 

layer or the second-sol gel layer. 

64. The method as claimed in Claim 63, wherein the first 
sol-gel layer is in electrical contact with the interdigitated 

10 electrodes, and wherein the polymer is incorporated into the 
first sol -gel layer. 

65. The method as claimed in Claim 63, wherein the second 
sol-gel layer is in electrical contact with the interdigitated 

15 electrodes, and wherein the polymer is incorporated into the 
second sol -gel layer. 

66. The method as claimed in Claim 28, wherein the pathogen is in 
a fluid. 

20 

67. The method as claimed in Claim 28, wherein the pathogen is in 
a gas or a liquid. 

25 

68. The method as claimed in Claim 28, wherein the pathogen 
is in air or an aqueous environment. 

69. A method for detecting a pathogen, the method comprising: 

30 

(a) exposing the sensor claimed in Claim 1 to the 
pathogen; 
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(b) applying an electric voltage to the plurality of 

interdigitated electrodes of the sensor; 
(b) measuring a change in an electric current flowing 

through the plurality of interdigitated electrodes. 

70. A sensor comprising: 
a substrate; 

electrodes attached to said substrate ; 
a film applied over said electrodes; 

one or more bioindicator molecules incorporated within 

said film; and 

an instrument to measure an electric current flowing 

through said electrodes. 

71. A method for detecting a pathogen, the method comprising 
the steps of: 

disposing electrodes on a substrate; 
applying a film over said electrodes; 

incorporating one or more bioindicator molecules into 
said film; 

exposing said film to an environment containing said 
pathogen; 

applying an electric voltage to said electrodes; and 
measuring a change in an electric current flowing through 
said electrodes. 
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